The purpose of this study was to test the hypothesis that peripheral blood neutrophils (PMN) exhibit delayed spontaneous apoptosis in individuals with diabetes mellitus type 2 (T2DM) and that the delay is exacerbated further among people who coexpress chronic periodontitis (CP). Seventythree individuals were enrolled, including those with T2DM (n = 16), CP (n = 15), T2DM + CP (n = 21), and healthy volunteers (n = 21). PMN apoptosis was determined by flow cytometry using TUNEL and Annexin V assays. The activity of caspase-3, -8, and -9 was measured by colorimetric assay. PMN surface death receptor quantification was performed by flow cytometry staining with fluorescenceconjugated anti-CD120a (TNFR1) and anti-CD95 [Fas receptor (FasR)] antibody. Analysis of inflammatory markers in serum samples was performed using multiplexed sandwich immunoassays. In healthy volunteers and individuals with T2DM, CP, and T2DM + CP, spontaneous PMN apoptosis observed at 12 h reached 85.3 6 3.1, 67.3 6 3.9, 62.9 6 3.5 and 62.5 6 5.4%, respectively (P , 0.05). Caspase-3 activity was significantly reduced in individuals with T2DM and T2DM + CP (P , 0.05) when compared with healthy volunteers. Caspase-8 activity was also significantly decreased in CP and T2DM + CP (P , 0.05), associated with reduced cell-surface FasR, TNFRs, and Fas ligand (FasL) serum levels. Glucose alone was not observed to impact PMN apoptosis; simultaneous incubation with the receptor for advanced glycation endproducts (RAGE) agonist S100B induced significant PMN apoptosis (P , 0.05). These data support the premise that the inhibition of PMN apoptosis in individuals with T2DM occurs through an advanced glycation endproducts/RAGE ligand/receptor-mediated interaction.
Introduction
DM is characterized by HG, resulting from defective insulin secretion, insulin action, or their combination [1, 2] . There are 2 forms of DM: type 1 and type 2, of which type 2 is the most common (.90% of cases are T2DM). Prolonged exposure to HG is the primary causal factor in diabetic complications [1] .
CP is the most common periodontal disease caused by the extension of gingival inflammation to supporting periodontal tissues in response to bacteria colonizing the teeth [3] . The incidence and severity of CP in people with diabetes are influenced by the individual's degree of diabetic control [4, 5] . The existence of severe generalized periodontitis in a person with DM may adversely affect glycemic control, serving as a source of chronic inflammation [6] . Mounting evidence suggests that poorly controlled DM correlates with a higher prevalence, severity, and progression rate of periodontal disease when compared with healthy individuals or those with controlled DM [7] [8] [9] [10] [11] .
PMNs, or neutrophils, are the first line of host defense in the innate immune system. When infection or injury occurs, PMNs are mobilized to localize invading microorganisms and clear dead host cells and debris. Phagocyte function is altered in individuals with DM [12] ; PMN phagocytosis, adherence, and chemotaxis are impaired, limiting the clearance of the pathogenic microbes in periodontal tissues and increasing tissue destruction, which further amplifies the systemic inflammatory load. These changes worsen glycemic control in patients with DM [13, 14] . PMNs are cleared from an inflammatory lesion through the initiation of spontaneous apoptosis (also called constitutive apoptosis) [15] , which subsequently mediates the clearance of the apoptotic PMN by macrophages [15] [16] [17] . The resolution of inflammation and restoration of homeostasis are dependent on efficient clearance of the PMN during the final phase [18] . Two major signaling pathways are involved in PMN apoptosis: the death receptor (extrinsic) pathway and the mitochondrial (intrinsic) pathway [17] . The intrinsic pathway regulates spontaneous apoptosis, whereas extrinsic apoptosis can be activated as a part of the inflammatory process [19] and is mediated by TNF-a and FasL [20, 21] .
A considerable amount of research has already been conducted that explores the alteration of PMN apoptosis in subjects with T2DM [22] [23] [24] [25] [26] ; however, whether peripheral blood PMN from people with T2DM demonstrates defects in spontaneous apoptosis remains controversial. In this study, we test the hypothesis that spontaneous PMN apoptosis is delayed in T2DM and that coexpression with localized inflammatory conditions, such as CP, exacerbates delayed spontaneous PMN apoptosis.
MATERIALS AND METHODS

Reagents
S100B was purchased from Millipore Sigma (Temecula, CA, USA). RPMI-1640 medium and FBS were obtained from American Type Culture Collection (Manassas, VA, USA). All other materials were obtained from Sigma Chemical (St. Louis, MO, USA).
Subject recruitment
In total, 73 individuals were recruited for this study. Subjects were grouped as follows: T2DM (n = 16), moderate to severe CP (n = 15), T2DM with moderate to severe CP (T2DM + CP; n = 21), and healthy volunteers (H; n = 21). All individuals were recruited from the Clinical Research Center at The Forsyth Institute. Subjects were qualified as healthy if they possessed NG status and had no systemic or local infections (e.g., periodontitis). All subjects provided informed consent, and the study was approved by The Forsyth Institute Institutional Review Board. Subjects with T2DM were selected according to the criteria of the American Diabetes Association [1] with no diabetic complications, and T2DM subjects with CP were selected according to the criteria of the American Academy of Periodontology [9] . Demographic data for all subject groups, including diabetes status, age, gender, race, smoking status, and BMI, were recorded ( Table 1) .
PMN isolation
Peripheral venous blood was collected into vacutainer tubes containing 10 U/ml heparin. PMNs were isolated using a discontinuous gradient system, as previously reported [27] . MonoPoly 1119 (3 ml) and 2 ml Histopaque 1077 were layered in 15 ml polystyrene culture tubes. Peripheral blood (4.5 ml) was layered on the separating medium, and the tubes were centrifuged at 1000 g for 15 min. The PMN-enriched layers were collected, and contaminating RBCs were lysed with hypotonic NH 4 Cl buffer (155 mM NH 4 Cl, 10 mM KHCO 3 , 120 mM EDTA, pH 7.4). The isolated cells were washed twice with PBS. Cell preparations were routinely 99% PMN with $95% viability, as determined by Trypan blue exclusion.
Quantitative TUNEL assay
To analyze DNA fragmentation as a biochemical hallmark of apoptotic death in PMN, the TUNEL assay was performed. In brief, PMNs (1 3 10 6 ) were fixed with 1% (w/v) paraformaldehyde for 1 h on ice, washed in PBS, and postfixed in 70% (v/v) ethanol for 30 min on ice. Cell apoptosis was assessed by TUNEL assay. TUNEL staining of cells was performed with the APO-DIRECT flow cytometry kit for apoptosis (Cat. No. APT110; Thermo Fisher Scientific, Waltham, MA, USA). Cells were resuspended with 1.0 ml wash buffer, twice. Cells were centrifuged, and supernatants were aspirated. Cells were incubated in DNA labeling solution for 60 min at 37°C. After incubation, 1.0 ml rinse buffer was added to each tube and centrifuged. Finally, the cell pellets were resuspended in 0.3 ml PI/RNase staining buffer and incubated without light for 30 min at room temperature. Flow cytometric analysis was performed to quantify the percentage of cells undergoing apoptosis on a FACScan flow cytometer (BD Biosciences, San Jose, CA, USA) using CellQuest software (BD Biosciences).
Annexin V expression on PMN
An Annexin V-FITC/PI apoptosis assay kit (BD PharMingen; BD Biosciences) and flow cytometry were used to measure Annexin V expression by PMN. The experiment was performed following the manufacturer's instructions, with minor changes. In brief, after isolation or incubation with cell-culture media, PMNs (1 3 10 6 ) were washed twice with ice-cold PBS and then resuspended in 
Caspase activity in PMN
Caspase-3, -8, and -9 protease activity was measured using the ApoTarget caspase-3, -8, and -9 protease assay kit (Thermo Fisher Scientific), according to the manufacturer's instructions. The kit detects caspase proteolytic activity in lysates of mammalian cells. The caspase enzyme activity is recognized by amino acid sequences, including Asp-Glu-Val-Asp (caspase-3), Ile-Glu-Thr-Asp (caspase-8), and Leu-Glu-His-Asp (caspase-9). The individual substrates provided for measuring the activity of these caspases are synthetic peptides, labeled at their C-termini with pNA. Upon cleavage of the substrates by caspases, absorption of light by free pNA was quantified using a spectrophotometer. PMNs (1 3 10 6 ) were collected, washed with PBS, and suspended in 50 ml lysis buffer. Lysates were then centrifuged for 1 min at 10,000 g. The supernatant was incubated with substrate pNA and reaction buffer for 2 h at 37°C. Levels of the chromophore pNA released by caspase activity were spectrophotometrically quantified at 405 nm using a microplate reader (SpectraMax 340; Molecular Devices, Sunnyvale, CA, USA). The data were normalized for protein concentration through the bicinchoninic acid protein assay kit (Thermo Fisher Scientific). 
PMN surface death receptor quantification
Multiplex cytokine and inflammatory biomarker analysis
Whole blood (10 ml) was collected for serum separation in a nonheparinized tube. The sample was centrifuged at 1500 g for 15 min at 4°C, and the serum layer was aliquoted and frozen at 280°C. Multiplexed sandwich immunoassays, based on flow metric xMAP technology (Luminex, Austin, TX, USA), were conducted. Assays were carried out on a Bio-Plex 200 platform (Bio-Rad Laboratories, Hercules, CA, USA). Immediately before the initiation of study measurements, the Bio-Plex platform underwent a complete on-site maintenance cycle and operational calibration. Daily and weekly performance calibration was continuously verified. Assay kits were purchased from Thermo Fisher Scientific (Ultrasensitive kit).
Mimicking T2DM with CP delayed PMN apoptosis in healthy donors
To investigate further the mechanism of PMN apoptosis, diabetes was mimicked following the protocol of Omori et al. [28] with modifications. Healthy subject PMNs were cultured in diabetic conditions consisting of high glucose, with or without S100B, a ligand for RAGE. PMNs (1 3 10 6 /ml) were cultured for 8 h in RPMI, supplemented with 5.5 mM glucose (NG) or 25 mM glucose (HG), with or without RAGE ligand S100B (50 mg/ml).
To induce an inflammatory response similar to one seen in an individual with T2DM + CP, Porphyromonas gingivalis (MOI 20) was coincubated with the PMN (1 3 10 6 /ml) for 8 h in RPMI, supplemented with 25 mM glucose and S100B. P. gingivalis strain A7436 was cultured, as was described previously [29] . After 48 h of anaerobic growth in Wilkins-Chalgren broth in an anaerobic chamber (85% N 2 , 5% H 2 , and 10% CO 2 ), bacteria were harvested by centrifugation, washed 3 times with sterile pyrogen-free saline, and opsonized with normal human serum for 30 min before coincubation with PMN. After 8 h, PMN apoptosis was analyzed by flow cytometry with an Annexin V-FITC staining kit.
Statistical analysis
All data presented represent the average of at least 3 experiments with SEM, except for demographic data, which used SD. For 2 group comparisons, Student's t test was applied for significance; for multiple condition experiments, ANOVA was used with Bonferroni's post hoc analysis.
RESULTS
Spontaneous PMN apoptosis in T2DM subjects
To measure spontaneous PMN apoptosis, we first compared the TUNEL and Annexin V methods. At 6 h, the Annexin V data demonstrated a 42.2% reduction in apoptosis in T2DM compared with the healthy group, and TUNEL showed a 55.3% reduction. This difference was also similar at 24 h; Annexin V demonstrated an 8.4% reduction in T2DM compared with the healthy group, and TUNEL showed a 17.2% reduction (Fig. 1A) . Based on the similarities between methods, we chose TUNEL assay, as a result of the convenience of cell fixation, which does not require immediate analysis by FACS. This approach allowed us to measure apoptosis over the entire 24 h experimental period with 2 h intervals, without being dependent on the availability of the FACS device. In healthy subjects, spontaneous PMN apoptosis reached 50% in 7.4 h. By 12 h, PMN apoptosis had reached 85.3 6 3.1%. In individuals with T2DM, spontaneous PMN apoptosis reached 50% in 8.5 h. By 12 h, PMN apoptosis had reached 67.3 6 3.9%. Compared with PMN from healthy volunteers, circulating PMN from the T2DM group showed a significant delay of apoptosis in vitro culture after the 12 h mark (P = 0.031; Fig. 1B) . Through this method, we were able to identify the shift at intermediate time points and assessed the time-dependent change in apoptosis of cells.
Correlations between PMN apoptosis and characteristics of T2DM, such as glycemic control, duration of diabetes, and obesity control, revealed that in T2DM groups differentiated by the duration of diabetes (#5, 6-9, and $10 yr), increased disease duration may cause a delay in PMN apoptosis, but findings were not significant (Fig. 1C) . In T2DM groups differentiated by glycemic control (HbA1c #7.5%: good-fair control; HbA1c .7.5%: poor control [30] ), the poor control group exhibited a significant delay in PMN apoptosis when compared with the good-fair control group following the 12 h mark (P = 0.041; Fig.  1D ). When subjects were grouped by obesity control, where a BMI #30 includes ideal and overweight, and .30 is obese [31] , a significant delay in spontaneous PMN apoptosis was seen in the obese group compared with the ideal-overweight group at the 12 h mark (P = 0.006; Fig. 1E ).
Spontaneous PMN apoptosis in patients with T2DM and CP
Several studies have previously reported delayed neutrophil apoptosis in chronic periodontal disease [32, 33] . Based on our results, which show a delay in spontaneous apoptosis of PMN in T2DM, we performed further investigations to determine if local infection and inflammation play a role in altering the PMN apoptosis profile in the presence of both T2DM and CP. The spontaneous PMN apoptosis profile for each group was measured by TUNEL assay (Fig. 2) . Individuals with T2DM + CP show a significant delay in spontaneous PMN apoptosis when compared with those in the healthy group. Spontaneous PMN apoptosis in the CP and T2DM + CP groups reached 50% by the 9.4 h mark, whereas PMN apoptosis in the healthy group reached 50% in 7.4 h. After 12 h, PMN apoptosis was 62.9 6 3.5% in the CP group and 62.5 6 5.4% in the T2DM + CP group, significantly lower than what was observed in the healthy group, where PMN apoptosis reached 85.3 6 3.1% (P = 0.009 and P = 0.003, respectively). There was no difference among the CP, T2DM, and T2DM + CP groups, suggesting that CP and T2DM did not have additive effects on PMN apoptosis.
Caspase activity in patients with T2DM and CP
Our results demonstrated that spontaneous PMN apoptosis was delayed in patients with T2DM and CP. We further measured caspase enzyme activity, an essential downstream enzyme regulating the apoptosis cascade, with a caspase colorimetric assay. A time-dependent analysis of caspase-3 activity was performed at 2, 4, 6, 12, and 24 h. At a 12 h time point, caspase-3 activity in patients with T2DM and T2DM + CP was decreased (P = 0.018 and P = 0.031, respectively; Fig. 3A) .
We then determined whether the reduced caspase-3 activity resulted from an upstream decrease in caspase-9 activity, the initiator caspase enzyme representing the intrinsic (mitochondrial) pathway; an upstream decrease of caspase-8 activity, representing the extrinsic (death receptor) pathway; or both. Firstly, we started by conducting a time-point experiment to find the best time point to analyze the data. Fig. 3B and C showed that caspase-8 and -9 activities, respectively, reached their maximum by 6 h and remained stable for the rest of the 24 h assay in both healthy and T2DM groups. A 6 h time point was then chosen for caspase-8 and -9 investigation between H and all diseased groups. PMN caspase-8 enzyme activity from the CP and T2DM + CP groups was significantly decreased compared with healthy subjects (P = 0.009 and P = 0.046, respectively; Fig. 3D) . A decrease in caspase-8 activity was also observed in the T2DM group. However, the result was not significant (P = 0.059). When compared with the healthy group, PMN from the T2DM, CP, and T2DM + CP groups was not observed to undergo a profound change in caspase-9 activity (Fig. 3E) .
Expression of cell-surface death receptors and their ligands in PMN from subjects with T2DM and CP To characterize further the mechanism of decrease in caspase-8 in individuals from the T2DM + CP group, the expression of cellsurface death receptors was measured. FasR (CD95) and TNFR1 (CD120a) activate caspase-8 through cooperation with their adapter proteins. A drastic reduction of the cell-surface FasR in PMN was observed from T2DM (P = 0.001) and T2DM + CP (P = 0.016) subjects when compared with healthy controls (Fig.  4A) . The T2DM group also showed a significant decrease in cellsurface TNFRs compared with healthy subjects (P = 0.005). Interestingly, in individuals with both T2DM and CP, the amount of cell-surface TNFR expression was significantly restored compared with those solely afflicted with T2DM (P = 0.049; Fig. 4B ).
We also measured the levels of FasL and TNF-a in serum. Results revealed a decrease in FasL in all T2DM groups compared with those in the healthy group. This finding was more pronounced in the T2DM + CP group, which presented a significantly lower level than the healthy group (P = 0.035; Fig.  4C ). However, there was no significant difference in TNF-a level between diseased and healthy subjects (Fig. 4D ).
Mimicking T2DM with CP delayed PMN apoptosis in healthy donors
To investigate further the mechanism of PMN apoptosis, we adapted a model that we developed before. As described in Omori et al. [28] , we cultured PMNs from healthy subjects in diabetic conditions in high glucose, supplemented with or without S100B. The results revealed that high glucose alone did not affect PMN apoptosis, but when incubated with high glucose and S100B, PMN apoptosis was delayed in a concentrationdependent manner starting from 0, 5, 10, 20, and 50 mg/ml. The difference was significant when the concentration of S100B was 50 mg/ml (P = 0.007; Fig. 5A ). To simulate the CP and T2DM + CP in vitro, P. gingivalis was coincubated with PMN with high glucose and S100B (50 mg/ml) at MOI = 20 (Fig. 5B) . Results from Annexin V staining indicated a significant delay in PMN apoptosis in response to P. gingivalis in NG, HG, and HG + S100B compared with normal glucose control (P = 0.002, P = 0.002, and P = 0.003, respectively).
Since our results showed a decrease in cell-surface FasR and TNFR on PMN in the presence of T2DM, we then measured the impact of HG, S100B, and P. gingivalis on the expression of cellsurface death receptors on PMN obtained from healthy donors. There was a significant reduction of the cell-surface FasR in PMN incubated under HG when compared with normal glucose control (P = 0.025). After P. gingivalis was coincubated in NG, HG, and HG + S100B, there was a significant reduction in FasR expression when compared with normal glucose control (P = 0.025, P = 0.003, and P = 0.007, respectively; Fig. 5C ). Cell-surface TNFR in PMN, incubated under NG, HG, and HG with S100B, showed no significant differences. However, after P. gingivalis was coincubated in NG, HG, and HG + S100B, there was a substantial reduction in TNFR expression when compared with normal glucose control (P = 0.05, P = 0.031, and P = 0.01, respectively; Fig. 5D ).
DISCUSSION
DM is a group of diseases characterized by chronic HG and other metabolic abnormalities. The majority of diabetic complications, Figure 2 . Comparison of spontaneous PMN apoptosis among healthy (H), T2DM, CP, and T2DM + CP subjects. PMNs (1 3 10 6 cells/ml) were resuspended and cultured in RPMI 1640, supplemented with 10% FBS at 37°C in a 5% CO 2 atmosphere and were collected at time points 0, 2, 4, 6, 12, and 24 h. The collected PMNs were analyzed with TUNEL assay. A significant delay in apoptosis is observed in the CP and T2DM + CP compared with healthy groups at the 12 h time point. Healthy PMN reached 85.3 6 3.1% apoptosis after 12 h. Meanwhile, CP and T2DM + CP PMN reached only 62.9 6 3.5% and 62.5 6 5.4% apoptosis, respectively, after 12 h. Error bars represent SE. *P , 0.05 vs. healthy PMN by 1-way ANOVA.
including coronary artery disease, cerebrovascular and peripheral vascular disease, inhibited wound healing, and periodontitis, are now recognized as primarily stemming from prolonged exposure to HG [1, 12] . Dysfunctional PMNs with abnormal chemotaxis, adherence, and phagocytosis have been linked to T2DM as a potential mechanism for impaired host resistance to infection [34] . Functional abnormalities of PMN apoptosis would cause persistence at the site of infection, exacerbating a proinflammatory potential, furthering host tissue destruction, and ultimately causing delayed wound healing [35] . To date, research indicating that PMN apoptosis plays a crucial role in the resolution of inflammation in patients who have diabetes is still controversial. In this study, we measured the spontaneous PMN apoptotic response in patients with T2DM and found a significant delay in apoptosis compared with the healthy controls. The results of our research support the findings of Sudo et al. [22] , who demonstrated a delayed PMN apoptosis in diabetic subjects compared with healthy controls through the measurement of the active caspase-3-positive rate. Higher amounts of anti-apoptosis cytokines were shown to be produced from PMN in diabetic patients [23] . Other studies, performed in mice and rats, suggested that there was no significant difference between spontaneous PMN apoptosis in diabetic and nondiabetic groups [24] [25] [26] .
Based on our demographic data, there was an age difference among our study groups, but this factor has no apparent impact on PMN apoptosis, as demonstrated by Fülöp et al. [36] , who compared PMN apoptosis of healthy, young with elderly subjects. They concluded that under unstimulated conditions, there were no significant differences between age groups. We also evaluated the correlations between PMN apoptosis and characteristics of T2DM. HbA1c, which is the gold-standard measurement for the assessment of long-term glycemic control, was used to evaluate the relationship between PMN apoptosis and diabetic control. Our results revealed that poor glycemic control greatly delayed PMN apoptosis. On the contrary, the duration of diabetes did not play a significant role in altering PMN apoptosis. Interestingly, when PMN apoptosis in T2DM subjects was related to the obesity index, higher BMI significantly delayed PMN apoptosis, whereas obese individuals showed reduced PMN apoptosis, regardless of Figure 3 . Comparison of caspase-3, -8, and -9 activities among healthy (H), T2DM, CP, and T2DM + CP subjects. PMNs (1 3 10 6 cells/ml) were resuspended and cultured in RPMI 1640, supplemented with 10% FBS at 37°C in a 5% CO 2 atmosphere and were analyzed with a caspase protease assay kit. (A) Comparison of caspase-3 activity among groups after PMN incubation for 0, 2, 4, 6, 12, and 24 h (n = 12). Healthy PMNs show significantly higher levels of caspase-3 activity than the T2DM and T2DM + CP groups in 12 h. (B and C) Comparison of caspase-8 and -9 activity between H and T2DM after PMN incubation for 0, 2, 4, 6, 12, and 24 h. The highest levels of caspase activity were observed in 6 h and gradually decreased over 24 h in both caspase-8 and -9. (D) Caspase-8 activity between healthy and diseased groups after 6 h (n = 5). A significant decrease in caspase-8 activity is seen in CP and T2DM + CP compared with the H group. A decrease is also seen in the T2DM group but is not significant. (E) Comparison of caspase-9 activity among groups after 6 h incubation (n = 5). No significant differences between healthy and diseased groups. Error bars represent SE. *P , 0.05 vs. healthy PMN by 1-way ANOVA. their diabetic control. This result contradicted the previous literature, which reported no significant difference between halflife of resting and unstimulated PMN from obese and lean subjects [37] . Our finding further emphasized the impact of T2DM in delaying PMN apoptosis, in which the combination of T2DM with obesity had a different impact on PMN compared with obesity alone. Further investigation is needed to explore the relationship between these two diseases.
PMN apoptosis has been shown to be delayed in chronic periodontal disease. Gamonal et al. [32] demonstrated that GM-CSF and TNF-a, responsible for inhibition of PMN apoptosis, were present in the gingival crevicular fluid collected from patients exhibiting CP. Likewise, other studies have observed a decrease in PMN apoptosis in subjects with periodontitis using a variety of methods, including measurement of in situ DNA breaks, electron microscopy, caspase-3 measurement, and in vitro coculture of HL-60-derived PMN with P. gingivalis, a well-known periodontal pathogen [33, 38, 39] . As CP was observed to increase anti-apoptotic cytokines and delay PMN apoptosis at the local tissue level, we wanted to investigate further the impact that CP has on spontaneous PMN apoptosis at a systemic level, which is also complicated by chronic HG. Our results show a significant delay in spontaneous PMN apoptosis from subjects in the T2DM + CP group compared with healthy individuals; the effect was observed to be additive but not synergistic. This demonstrates that periodontal disease affects PMN apoptosis at the local site of periodontal infection but also systemically influences the resolution of inflammation and PMN clearance, which may intensify other systemic inflammatory conditions.
Our results demonstrate that spontaneous PMN apoptosis was delayed in subjects exhibiting T2DM and CP. These results were confirmed by measuring the caspase-3 enzyme, a well-known and reliable method for measuring apoptosis [40] . Caspase-3 is a member of the cysteine-aspartic acid protease family produced in the cascade pathway; it acts on protein substrates and plays a vital role in the execution phase of cell death by apoptosis. This process occurs before DNA fragmentation, a characteristic of apoptosis, which can be detected by the TUNEL assay, used in this study. As expected, our results show that healthy subjects exhibit the highest level of caspase-3 activity when compared with diseased subjects. This reveals that delays in spontaneous PMN apoptosis in T2DM and CP occur via a caspase-dependent pathway. In CP, no significant difference was found in caspase-3 activity compared with the healthy group, although an analysis by the TUNEL assay showed a robust inhibition of apoptosis. This might be a result of a complex pathogenesis of periodontitis, which involves both a hyperinflammatory phenotype of PMN and bacterial infection. One study suggested an alternative and caspase-independent, oxidant-dependent apoptosis pathway in PMN in which excessive NADPH oxidase stimulation can generate copious amounts of superoxide and inhibit apoptosis. This mechanism could play a role in inhibiting PMN apoptosis in patients with CP and thus, lead to excessive production of reactive oxygen species [41] . Taken together with our previous findings [42] , the data suggest that a delayed PMN apoptosis, associated with an increased superoxide formation in T2DM and CP, contributed to this pathology.
As a significant decrease in diseased subjects' caspase-3 activity was observed compared with healthy individuals, further investigation was undertaken to determine if the process of caspase-3 activation was the result of an upstream increase in initiator caspase-9 activity, representing the intrinsic pathway; an increase in caspase-8 activity, representing the extrinsic pathway; or both. The findings demonstrate a significant increase in caspase-8 activity in the healthy group compared with diseased groups. Caspase-9 activity was observed to exhibit the same trend, but findings were not statistically significant. Taken together, these results demonstrate that delayed spontaneous PMN apoptosis in T2DM + CP is triggered by an inhibition of the caspase-dependent pathway via down-regulation of caspase activation by the death receptor pathway. The extracellular signals can be triggered by engaging the cell-surface death receptor with their specific death ligands, which play a central role in apoptosis.
To investigate if a discrepancy exists between diseased and nondiseased groups in FasR and TNFR levels, cell-surface death receptor expression was measured. The findings indicate that both TNFR and FasR are decreased in the T2DM group, but TNFR levels were restored in the T2DM + CP group. The levels of sFasL and TNF-a in serum, separated from the subjects' whole blood, were also assessed. Our results show no significant difference in the TNF-a level in all groups, supporting the findings of Makino et al. [43] , who observed no significant difference in serum TNF-a levels between uncomplicated diabetic patients and healthy normal participants. A significant decrease in sFasL was noted in the T2DM + CP group when compared with the healthy controls. This finding is in line with existing literature, which has concluded that the sFasL is decreased or equivalent in T2DM subjects [44] . However, Guillot et al. [44] have reported an increase in the sFasL in diabetic patients, especially in patients with diabetic neuropathy.
To investigate further the mechanism of PMN apoptosis, a model mimicking T2DM was created by culturing healthy subject PMNs in diabetic conditions, modified from Omori et al. [28] . Our results demonstrate that high glucose levels did not affect spontaneous PMN apoptosis, similar to what has been reported in previous literature [45] . This indicates that HG may not be the main cause of delayed spontaneous apoptosis of PMN in T2DM subjects. However, our study also observed a significant delay in spontaneous PMN apoptosis in poor glycemic control T2DM subjects (HbA1c .7.5), and it is known that poor glycemic control can increase RAGE activation [46] . Therefore, it is possible that RAGE may play a role in delaying Figure 5 . Mimicking T2DM and CP delays PMN apoptosis in healthy donors. PMNs (1 3 10 6 /ml) from healthy (H) subjects (n = 3) were cultured for 8 h in RPMI with 25 mM glucose (HG), with or without S100B (50 mg/ml) and with or without P. gingivalis. (A) Dose response of high glucose and S100B on spontaneous PMN apoptosis, analyzed by an Annexin V staining kit. A concentration of 50 mg/ml produced a significant decrease in the percentage of apoptosis. (B) Effect of HG, S100B, and P. gingivalis (P.g.; MOI 20) conditions on spontaneous PMN apoptosis, analyzed by the Annexin V staining kit. The combination of HG + S100B produced a significant decrease in spontaneous PMN apoptosis compared with the NG control. The addition of P. gingivalis to the NG, HG, and HG + S100B condition produced a dramatic decrease in PMN apoptosis compared with NG control. (C and D) PMNs were fixed with 1% paraformaldehyde at 4°C. Cells were incubated with PBS with 1% BSA. Cells were then stained with FITC-conjugated anti-human CD120a (TNFR1) antibody and APC-conjugated anti-human CD95 (FasR). All samples were analyzed using a flow cytometer. (C) Cell-surface FasR expression. The combination of HG + S100B produced a significant decrease in cell-surface FasR expression compared with NG and HG groups. The addition of P. gingivalis to NG, HG, and HG + S100B conditions produced a dramatic decrease in PMN surface FasRs compared with NG control. (D) Cell-surface TNFR expression. By adding P. gingivalis to NG, HG, and HG + S100B conditions, significant decreases in PMN surface TNFRs compared with NG control were observed. Error bars represent SE. *P , 0.05 vs. healthy control by 1-way ANOVA.
spontaneous PMN apoptosis in individuals afflicted with T2DM. There is strong existing evidence of RAGE involvement in delayed apoptosis in monocytes, which aggravates inflammation and alters PMN functions in diabetics [47, 48] . Therefore, we assessed if RAGE could be a potential factor in delaying PMN apoptosis by incubating healthy PMN with high glucose and the RAGE agonist S100B. The results of this investigation show that there is a delay in spontaneous PMN apoptosis in a concentration-dependent manner in the presence of both high glucose levels and S100B. The results also show that when incubating healthy PMN with high glucose and S100B, cell-surface FasR expression was decreased compared with normal glucose control. This may explain our results that show a decrease in the FasR on PMNs from T2DM subjects. To emulate the conditions of coexisting T2DM and CP on delayed PMN apoptosis in healthy donors, P. gingivalis was included with PMN in high glucose and S100B. The findings from this experiment demonstrate that apoptosis was delayed significantly compared with control, an impact similar to the result obtained in the T2DM + CP group. Our results support a previous paper by Preshaw et al. [49] , who reported that the components of P. gingivalis, such as LPS and lipid A, delayed PMN apoptosis. In the PMN-P. gingivalis coincubation experiment, we were not able to obtain readable data using the TUNEL assay with FACS. Because as shown in Fig. 1A , Annexin V provides comparable outcomes, we had to choose the Annexin V assay over TUNEL. It is interesting that Annexin V has been used by other investigators studying the apoptosis in PMN and bacteria coculture experiments [50, 51] .
In conclusion, we have shown that peripheral blood spontaneous PMN apoptosis was impaired in subjects with T2DM, and CP acts as a confounding factor. These findings provide a better understanding of a systemically impeded resolution of inflammation in both chronic inflammatory conditions investigated. Possible explanations for this occurrence include a lack of sFasL and its receptor expression on the PMN cell surface, and in patients with T2DM, that RAGE may play a crucial role in diminishing spontaneous PMN apoptosis. 
